Due to major problems with drug resistance in parasitic nematodes of animals, there is a substantial need and excellent opportunities to develop new anthelmintics via genomic-guided and/or repurposing approaches. In the present study, we established a practical and cost-effective whole-organism assay for the in vitro-screening of compounds for activity against parasitic stages of the nematode Haemonchus contortus (barber's pole worm). The assay is based on the use of exsheathed third-stage (xL3) and fourthstage (L4) larvae of H. contortus of small ruminants (sheep and goats). Using this assay, we screened a panel of 522 well-curated kinase inhibitors (GlaxoSmithKline, GSK; code: PKIS2) for activity against H. contortus by measuring the inhibition of larval motility using an automated image analysis system. We identified two chemicals within the compound classes of biphenyl amides and pyrazolo[1,5-]pyridines, which reproducibly inhibit both xL3 and L4 motility and development, with IC 50 s of 14-47 µM. Given that these inhibitors were designed as anti-inflammatory drugs in humans, and fit the Lipinski rule-of-five (including bioavailability), they show considerable promise for hit-to-lead optimisation and repurposing for use against parasitic nematodes. The screening assay established here has significant advantages over conventional methods, particularly in terms of ease of use, throughput, time and cost.
Introduction
Parasitic diseases cause substantial morbidity and mortality in animals and people worldwide, and also major losses to the global food production annually. For instance, haemonchosis is one of the most important parasitic diseases of livestock worldwide, affecting hundreds of millions of small ruminants (including sheep and goats), and causing deaths and substantial production losses (Waller et al., 2005; Roeber et al., 2013) estimated at tens of billions of dollars per annum. The causative agent, Haemonchus contortus (barber's pole worm; Nematoda: Strongylida), feeds on blood in the stomach and causes gastritis, anaemia and associated complications, leading to serious production losses and death in severely affected animals. This nematode is transmitted orally from contaminated pasture to the host though a complex life cycle (Veglia, 1915) : eggs are excreted in host faeces; the first-stage larva (L1) develops inside the egg to then hatch (usually within 1 day) and develop through to the second-and third-stage larval stages (L2s and L3s) in about a week; the infective L3s are then ingested by the host, exsheath (xL3) and, after a histotrophic phase, develop through fourth-stage larvae (L4) to dioecious adults (within 3 weeks) in the abomasum.
Although a vaccine (Barbervax®, Wormvax, Australia) has been released (Oct. 2014) to support treatment programs against haemonchosis, the control of H. contortus and numerous other, related nematodes has largely relied on the use of anthelmintic drugs. The excessive use of such drugs has led to widespread resistance in these nematodes to most classes of anthelmintic drugs (Prichard, 1994; Jackson and Coop, 2000; Kaplan, 2004; Wolstenholme et al., 2004; Jabbar et al., 2006; Besier, 2007; Kaplan and Vidyashankar, 2012; Wolstenholme and Kaplan, 2012; Scott et al., 2013) , seriously compromising the control of parasites in many countries. Although the development of the compound monepantel (Kaminsky et al., 2008; Prichard and Geary, 2008) has provided fresh hope for the design of new classes of nematocides, success in discovering new drugs using conventional screening (such as larval development, motility and migration inhibition methods; Le Jambre, 1976; Martin and Le Jambre, 1979; Dobson et al., 1986; Kotze et al., 2006; Demeler et al., 2010) has been limited; most assays are not suitable for the efficient and effective screening of chemical libraries, mainly due to the subjective and manual recording of nematocidal activity (e.g., motility or larval development) as well as restrictions on throughput capacity (Geary et al., 2012; Paveley and Bickle, 2013) . Nonetheless, there have been some recent improvements in the development of screening assays for parasitic nematodes (Smout et al., 2010; Marcellino et al., 2012; Paveley and Bickle, 2013) but often the financial costs of setting up automated assays can be quite high.
Recent investigations of the genome and transcriptomes of H. contortus (see Laing et al., 2013; Schwarz et al., 2013) , which are considerably improving our understanding of the molecular biology and biochemistry of this and related strongyloid nematodes, might now support the search for new drugs through target prioritization in silico (e.g., Crowther et al., 2010; Doyle et al., 2010; Jex et al., 2011; Schwarz et al., 2013; Taylor et al., 2013) . For instance, based on gene essentiality predictions, Schwarz et al. (2013) predicted and prioritised various ion channels, G-protein coupled receptors, GTPases, peptidases, phosphatases and kinases as drug target candidates. Complemented by such genomic-guided prioritization, the repurposing (repositioning or re-profiling) of existing and/or curated drugs (Emig et al., 2013; Panic et al., 2014) is also likely to accelerate/assist the drug development process particularly through an availability of preclinical data sets for such drugs and the reduced cost, risk and time for translation to market (Panic et al., 2014) . In the present study, to overcome limitations of some conventional drug screening methods, we established a new and inexpensive whole-organism assay for the rapid screening of compounds predicted to bind prioritized drug targets (specifically kinases) and destined for repurposing through a public-private partnership. This assay, which relies on video capture to measure the motility inhibitory properties of compounds on the parasitic larval stages (xL3s and L4s) 5 of H. contortus and subsequent morphological assessment of larval development, was employed specifically to identify kinase inhibitors with activity against H. contortus.
Materials and methods

Production of parasite and storage
Haemonchus contortus (Haecon-5 strain; cf. Schwarz et al., 2013) was maintained in experimental sheep as described previously (Schwarz et al., 2013) and in accordance with the institutional animal ethics guidelines (permit no. 1111938, The University of Melbourne). In brief, helminth-free Merino sheep (eight weeks of age) were inoculated intra-ruminally with 5,000 third-stage larvae (L3s) of H. contortus. Four weeks after infection, faecal samples were collected each day. L3s were produced from eggs by incubating faeces at 27 °C for one week (Schwarz et al., 2013) . Then, L3s were sieved through two layers of nylon mesh (pore size: 20 µM; Rowe Scientific, Australia) to remove debris or dead larvae, and stored at 10 °C for up to three months.
Exsheathment of L3s
L3s were exsheathed and sterilised by incubation in 0.15% v/v sodium hypochlorite (NaClO) at 37 °C for 20 min (Nikolaou et al., 2002) with minor modifications; Following this incubation, exsheathed L3s (xL3s) were immediately washed five times in sterile saline by centrifugation at 600 x g (5 min) at room temperature (22-24 °C). After the last wash, xL3s were immediately suspended in Luria Bertani medium (LB) [10 g tryptone (cat no. LP0042; Oxoid England), 5 g yeast extract (cat no. LP0042; Oxoid), 5 g NaCl (cat no. K43208004210; Merck, Denmark) in 1 l of reverse-osmosis deionised water]. LB was autoclaved and supplemented with final concentrations of 100 IU/ml of penicillin, 100 µg/m of streptomycin and 2.5 µg/mL of amphotericin (Fungizone®, antibiotic-antimycotic, cat no. 15240-062, Gibco) ; this supplemented LB was designated LB*. For experiments involving L4, xL3 were resuspended in 50 ml of LB* and transferred into a T175 tissue culture flask (DB Falcon, USA). The larvae were then incubated in a water-jacketed CO2 incubator (model no. 2406 Shel Lab, USA) for 7 days at 38 °C and 20% v/v CO 2 to promote development into L4.
Preparation of compounds for screening and assay plate preparation
The compound library (designated PKIS2) containing 522 kinase inhibitors was donated by GlaxoSmithKline (GSK). Compounds were supplied at a concentration of 10 mM. Individual compounds were diluted to 40 µM in LB* containing 1% dimethyl sulfoxide (DMSO; cat no. 2225; Ajax Finechem) and dispensed in 50 µl into the wells of sterile 96-well flat bottom microplates (cat no. 3635; Corning 3650, Life Sciences) using a liquid handler (JANUS, Perkin Elmer). The anthelmintics moxidectin (Cydectin®, Formatted Virbac, France) and monepantel (Zolvix®, Novartis Animal Health, Switzerland) were used as positivecontrol compounds.
Screening assay to test the effect of compounds on xL3 motility
On each 96-well plate, test compounds, the positive-control compounds (moxidectin and/or monepantel) and the DMSO control in LB* were arrayed in triplicate. Six wells were used for the negative control (LB* + 1% DMSO). Following dispensing into the plates, 300 xL3s in 50 µl of LB* were transferred to each well of each plate (with the exception of perimeter wells) using a multi-channel pipette (Finnpipette™, Thermo Scientific). During dispensing, xL3s were kept in a homogenous suspension by bubbling air through the solution using an air pump (Airpump-S100; Aquatrade, Australia). Thus, following the addition of xL3s to individual wells, the final concentrations were 20 µM (compound) and 0.5% (DMSO).
Plates were incubated in a water-jacketed CO 2 incubator (model no. 2406 Shel Lab, USA) at 38 °C and 10% v/v CO 2 . After 72 h, the plates were agitated (126 rotations per min) using an orbital shaker (model EOM5, Ratek, Australia) for 30 min at 38 °C. In order to capture the motility of xL3s at 72 h, a 10 sec video recording was taken of each well on each plate using an eyepiece camera (Dino-eye, ANMO Electronic Corporation, Taiwan) attached to a stereo dissecting microscope (Olympus, Japan). After 3 min of imaging, plates were re-agitated for 5 min. The motility of xL3s was recorded in each well on each plate (Fig. 1) . Each 10 sec video capture of each well on each plate was processed using a custom macro in the program Image J (1.47v, imagej.nih.gov/ij). In each well, changes in light intensity recorded during the 10 sec capture were transformed into a motility index (designated Mi) (Fig. 1) . This index was calculated as follows: (i) An image blur (Gaussian normalisation; pixel size 2) was applied to each digitised frame of each video (Fig. 1). (ii) The 100-frame video recording was transformed into a projection-stack; for each pixel (n = 1 to n = 12228800), the standard deviation of light intensity (LI) was calculated for 50 frames. This was conducted in a 'rolling' manner, starting at frame (F) one (F1) and continuing to frame 50 (F50), and then from frame two to frame 51 , etc., for the entire 100 frame projection-stack. (iii) For each pixel, the standard deviation of LI was then calculated from the standard deviation for each set of 50 frames. These values represented the change in intensity over the 100 frames per pixel and were then displayed in a heat map containing pixels with small (dark blue) to large (red) changes in intensity. The mean of the standard deviation of each pixel (above background) was calculated, in order to compute the final Mi-value for each well; the minimum motility value (i.e. background relating to movement artefacts) per well was set at 25.
Assessment of the effect of compounds on the motility and development/growth of fourth-stage larvae (L4)
The motility of L4s was assessed using the same protocol as for xL3 (see subsection 2.4). Following the measurement of xL3 motility, plates were re-incubated for four more days in a humidified environment (water-jacketed CO 2 incubator) at 38 °C and 10% v/v CO 2 . Then, worms were fixed with 50 µl of 1% iodine, and 30 worms from each well were examined at 20x magnification (DP26 camera, 7 Olympus, Japan) to assess their development (based on the presence/absence of a well-developed pharynx characteristic of H. contortus L4s; see Sommerville 1966) and growth (according to maximum L4 width measured). The number of L4s was expressed as a percentage of the total worm number (30). Compounds were tested in triplicate on three different days.
Calculation of IC 50 s of test compounds
The IC 50 s were determined for hit compounds by two-fold serial dilution (how many? five times?), starting at a concentration of 100 µM. Motility of xL3 or L4 was measured at 72 h, and L4 development 7 days after incubation with compounds (subsection 2.5). Compounds were tested in triplicate on three different days.
Data analyses
Raw data were normalised against that of the positive and negative controls to remove plate-to-plate variation by calculating the percentage of motility using the program Prism (v.6 GraphPad Software, USA). Student's t-test was used to establish the appropriate exsheathment rates, storage time and culture medium and whether 0.5% DMSO had any significant, adverse effect on xL3 motility. Z'-scores (Zhang et al., 1999) were calculated to assess the performance of the screening assay; reliable assays achieve Z'-scores of between 0.5 and 1 (Zhang et al., 1999) . A compound was recorded as having anti-xL3 activity if it reduced motility by ≥ 70% at 72 h. Compounds with anti-xL3 activity were screened twice at 20 µM to verify their inhibitory properties on motility. For compounds that consistently reduced xL3 motility by ≥ 70%, dose response curves were produced for xL3 and L4 to establish IC 50 values. To do this, compound concentrations were log 10 -transformed, and a variable slope four-parameter equation was used. IC 50 were also established for L4 development using the same algorithm. A two-way analysis of variance and Dunnett's multiple comparison test was used to compare motility/larval development of compounds at different concentrations and time points during testing in the assay. For statistical analysis of L4 growth, a one-way analysis of variance with a Tukey's multiple comparison test was used to determine statistically significant differences.
Results
Conditions for exsheathment and storage of L3s, and culturing of xL3s
A series of experiments was conducted to establish conditions for the exsheathment and storage of L3s and the culturing of L3s. First, exsheathment of L3s in 0.15% NaClO at 37 °C for 15 and 20 min of incubation was assessed. Incubation for 15 min achieved an exsheathment rate of 78% compared with 93% for 20 min, with no detrimental effect of the longer incubation period on viability; thus, exsheathment was routinely conducted for 20 min. Second, L3s exsheathment was assessed on different batches of L3s stored for 1 and/to 12 weeks at 10 °C, to assess whether a longer storage time has an adverse effect on the exsheathment rate. No significant difference in exsheathment was observed between the two storage times, such that L3s used for screening were routinely stored for a maximum of 3 months. Third, xL3 motility in two different culture media was compared between LB*and Dulbecco's Modified Eagle's medium (DMEM). During a period of 24 h, the motility of xL3s incubated in LB* (57.66±2.6) was significantly higher than in DMEM (32.03±4.8)(p<0.001). Hence LB* was routinely used for screening.
Motility and density of xL3s in culture, and assessment of DMSO toxicity
Another series of experiments was carried out to establish conditions for optimal motility and density of L3s in microculture plates for imaging and toxicity threshold for DMSO. First, we assessed whether the agitation of xL3 would achieve suitable motility upon imaging. Second, as xL3s develop to L4s in culture (LB*) within 7 days at 38 °C, we needed to ensure that lethargus (Veglia 1915) , which occurs during the moulting/development process, did not have a confounding effect on motility. Therefore, we assessed what effect agitation of the culture plate for 30 min prior to imaging would have on motility during imaging. We showed that Mi was significantly higher (0.5±0.03) with agitation than without (0.2±0.03) (p<0.001). Third, we established optimal larval density of xL3s in wells of the culture plate for imaging. To do this, we established a standard curve for motility using a two-fold serial dilution series (i.e. 500, 250, 125, 62, 31 and 15 of xL3s per well). For xL3 densities of > 100 xL3s per well, a signal-to-background ratio of > 1 was calculated by dividing the Mi at different densities of xL3 by Mi of wells with no larvae. A density of 300 xL3 per well resulted in the best signal-to-background (noise) ratio (= 7.6) and did not result in over-crowding of xL3s within the wells. Fourth, we assessed whether motility was adversely affected by DMSO used to solubilise compounds. Using two-fold serial dilutions from 5.0% to zero, we showed that DMSO concentrations between 0.3% and 1.25% had no significant inhibitory effect on xL3 motility (data not shown). Thus, a final DMSO concentration of 0.5% was selected for solubilisation for routine screening.
Establishing IC 50 values for reference compounds against xL3s
The compounds moxidectin and monepantel are routinely used as nematocides. We elected to employ these compounds as positive controls in our assay, because of their (proposed/likely) different modes of action (Campbell et al., 1983; Kaminsky et al., 2008) . Using xL3s at a density of 300 per well, we established dose-response curves (titration from 800 to 3.13 nM to by two-fold serial dilutions). In the xL3 motility assay, the IC 50 values established for monepantel and moxidectin were 7.14 nM and 2.8 nM, respectively ( Supplementary Fig. 1 ). For ensheathed L3s (is that correct?), Uunder similar conditions (titrating reference anthelmintics from 100 µM to 0.15 µM), we calculated IC 50s of 0.4 µM and X.XX µM for monepantel and moxidectin, respectively, showing that xL3s were at least 187 to XX times more sensitive to these two compounds than to (ensheathed) L3s (Supplementary Fig. 1 ).
Screening of kinase inhibitors from the PKIS2 library against xL3s, and assessment on the motility development and growth of L4s
Having established ourthe xL3 motility assay, we proceeded to screen all 522 compounds in the GSK library PKIS2 library twice (on different days in different weeks). Compounds that consistently reduced xL3 motility (in these independent screens) by 70% at 72 h were recorded as "hits" ( Fig. 2 ; Table 1 ; Supplementary Fig. 2 ). Of all 522 compounds, two chemicals, designated GW800172X and GW461487A, 9 reduced xL3 motility by 70% in both the primary and secondary screens ( Fig. 2A ; Table 1) , with Z' scores of > 0.5 for both screens. Time-course experiments showed a significant decrease in motility for both compounds at 72 h (p<0.05, Fig. 2B ). In addition, dose-response curves established in the xL3 motility assay at 72 h of incubation showed an IC 50 of 24 µM for compound GW800172X, and 14 µM for GW461487A ( Fig. 2C ; Table 1 ), employing monepantel and moxidectin as reference/control compounds.
Subsequently, the two compounds GW800172X and GW461487A were tested for their effects on L4 motility and development. Both of these compounds were shown to significantly inhibit L4 motility, with IC 50 values of 22 and 47 µM, respectively (Fig. 2E ). There was no significant difference in the inhibition of motility between xL3s and L4s despite the dissimilarity in IC 50 s for compound GW461487A (Table 1) . Finally, compounds GW800172X and GW461487A were tested for their ability to reduce the rate of development from xL3 to L4. GW800172X and GW461487A at concentrations of both 25 µM and 100 µM significantly reduced L4 development by 50% and by 88-95%, respectively, over 7 days of culturing, with IC 50 s of 22 and 30 µM, respectively ( Fig. 2E ; Table 1 ; Supplementary Fig 2) .
Due to the inhibitory effect of these two compounds on both larval motility and development, the growth of L4s (7 days following treatment with the compounds) was compared with DMSO control larvae (Fig. 2F) . Results showed that, while both compounds reduced the width of L4 compared with the DMSO control, only compound GW461487A was found to significantly inhibit growth (25±0.5 to 17±0.7, respectively; p<0.05). A reduction in width was reflected by morphological studies where L4 treated with GW461487A induced a shrivelled, dehydrated phenotype similar to the phenotype observed following the treatment of L4 with monepantel (Fig. 2G) . No obvious damage to the cuticle of the L4 was observed with following incubation with GW800172X and was similar to the phenotype observed for L4 following treatment with moxidectin (Fig. 2G) .
Discussion
A considerable limitation for the discovery of new anthelmintics or repurposing of existing chemicals as nematocides has been that many screening methods are time-consuming to carry out, lack repeatability/reproducibility or use surrogate organisms, such as Caenorhabditis elegans (Rohwer et al., 2012; Paveley and Bickle, 2013) . For instance, the egg hatch test and larval development assay (LDA), which have been effective at finding new nematocides (e.g., monepantel), are usually time consuming, have low reproducibility and use free-living rather than parasitic stages of a nematode. Phenotypic assays that measure a reduction in motility include the larval paralysis test (Martin and Le Jambre, 1979) and larval migration test (Kotze et al., 2006; Demeler et al., 2010) and usually require subjective and labour-intensive phenotypic scoring and manual counting, respectively (Rohwer et al., 2012) . The measurement of motility based on object-tracking has been applied to C. elegans (www.mbfbioscience.com/wormlab) and Schistosoma mansoni (see Paveley et al., 2012) . This tracking approach relies on the digital segmentation of objects from background, which is challenging to perform on parasites, such as H. contortus, which are transparent and rapidly translocate across a microscopic field of view (cf. Paveley and Bickle, 2013) . Albeit showing promise as a medium to high throughput screening approach, Mmeasuring motility through electrical interference negates the use of object segmentation (Smout et al., 2010) , shows promise as a medium to high throughput screening approach, butand still needs to be rigorously tested.
Here, we developed a screening assay that overcomes many of these limitations and uses parasitic stages in vitro. The assay relies on the initial use of xL3s, which means that large stocks of ensheathed L3 can be stored extended periods of time (at least 3 months at 10 °C), with no significant impact on the motility of xL3s, which has major advantages over some other assays that rely on fresh materials (e.g., eggs) from infected sheep (Le Jambre 1976; Dobson et al., 1986) . The larval motility assay assesses the phenotype of H. contortus xL3 based on motility, and then assesses the successive development of xL3 to L4 (parasitic stages) as well as motility and growth of the L4 stage. To assess larval motility, a low resolution, cost effective video camera (eye piece) is used to capture a 10 sec video of larvae in each well of a 96-well plate, equating to a total of ~ 20 min to read one plate. The measurement of motility from the video capture from individual wells is automated, which provides a substantial saving in the operator's time compared with phenotypic scoring by eye (which is intrinsically subjective). As the automated measurement of motility is based on disruptions in light intensity caused by larval movement, the assay is label-free, overcomes the cost and/or complications associated with the use of fluoro-toxic or fluorophores and does not require object-segmentation of individual larvae, which cause problems with image contrast (cf. Paveley and Bickle, 2013) . Our approach overcomes these problems as it allows video capture of motility in an entire culture well with (unstained) 300 xL3s at low magnification. In addition, capturing motility of a large number of individual worms (population) within an individual well reduces bias associated with the use of small numbers of individuals and thus normalises the "overall" motility recorded from a well. Although applied here to H. contortus xL3s and L4s, unpublished work indicates that the same approach can be applied to other organisms. The estimated cost of setting up the present assay system (as described here) is estimated at A$5,000, with majority of the cost attributed to a computer with a large amount of random access memory (RAM) to capture, process and store video files.
In selecting the present kinase inhibitor set (PKIS2) for screening in ourthis assay, we were guided by evidence from various genomic and transcriptomic studies of nematodes (Jex et al., 2011; Cantacessi et al., 2012; Schwarz et al., 2013; Taylor et al., 2013; Jex et al., 2014; Tang et al., 2014) showing that selected kinase groups, such as those within the MAPK family, likely represent suitable targets for nematodes, such as H. contortus and related strongylids, because many of them (i) are known to be essential for growth, development, survival and/or reproduction, (ii) are relatively conserved among nematodes, but (ii) are sometimes divergent from related molecules in other invertebrates and vertebrates (including mammalian hosts). Previously published transcriptional data (Schwarz et al., 2013) also show that the transcription of kinase genes is at its highest during transition from L3 to L4, suggesting that expression is also high during this phase. Of the 522 kinase inhibitors screened in our assaythis study, two inhibitors, designated GW800172X and GW461487A, were identified as "hits" and confirmed as such in subsequent dose response experiments. Temporal assessments showed that both compounds inhibited significantly xL3 motility at 72 h at a concentration of 20 µM. Consequently, a 72 h time point was used to determine the IC 50 s in dose response curves. IC 50 s for GW800172X and GW461487A were 24 and 14 µM for xL3 motility, respectively. The IC 50 values of these compounds were comparable for L4 motility (i.e. 22 and 47 µM, respectively) and development (i.e. 22 µM and 30 µM, respectively). The morphological examination of larvae showed that, although little loss in the structural integrity of the xL3 cuticle was observed following incubation with the compounds, treatment of compound GW461487A on L4 resulted in a shrivelled, dehydrated phenotype. This phenotype was similar to the phenotype observed for L4 treated with monepantel and could be quantitatively characteriseded by measuring L4 width 7 days following incubation, where GW461487A was found to significantly reduce L4 width compared to the negative control. GW800172X induced a similar phenotype as moxidectin, with little loss in structural integrity of the cuticle. The discrepancies in the observed phenotypes induced post incubation with the compounds may suggest differences in the mode of action to induce inhibition in motility, larval development and growth.
Compounds GW800172X and GW461487A are biphenyl amide and pyrazolo [1,5-] pyridine analogs, respectively. Originally, biphenyl amides and pyrazolo [1,5-] pyridinesthese chemotypes were developed as therapeutics against inflammatory diseases, such as rheumatoid arthritis, inflammatory bowel disease and/or psoriasis to specifically inhibit p38β mitogen activated protein kinases (MAPK) in humans (Lee et al., 1994; Lee and Young, 1996; Pettus and Wurz, 2008; Cheung et al., 2008; Angell et al., 2008a-d) ; p38 MAPKs are classed as CMGC kinases, and some are described to be involved in the stress and inflammatory signal transduction pathways; proliferation, differentiation and survival in mammals (Cuadrado and Nebreda, 2010) ; and, interestingly, implicated in innate immunity in the gut of C. elegans (see Troemel et al., 2006) . Other studies have reported that p38 MAPK inhibitors can also inhibit the establishment of infections by helminths such as Brugia malayi, Echinococcus multilocularis and H. contortus as well as protists including Encephalitozoon cuniculi, Plasmodium falciparum and Toxoplasma gondii (Wei et al., 2002; Wei et al., 2007; Gelmedin et al., 2008; Brumlik et al., 2011; Taylor et al., 2013) , supporting the anti-parasitic effect of analogs detected here in H. contortus. Interestingly, Taylor et al. (2013) identified a pyrazolopyrimidine heterocyclic compound, designated DB03023, that induced jerky, twitchy and slow movement phenotypes in C. elegans; DB0323 also inhibited the motility of H. contortus L1 (Taylor et al., 2013) . Unpublished work has also shown that the structurally similar pyrazol derivative compound GW461487A which contains a pyrazolo-ring and therefore is structurally similar to that of DB0323, also possesses activity against L1s in a conventional LDA for H. contortus (cf. Gordon et al., 2014) ; DB03023 might also have activity against xL3 or L4 H. contortus and thus warrants testing in ourthis newly developed assay. Interestingly, ourthe biphenyl amide analog (GW800172X) did not have any activity on H. contortus L1s in LDA.
Compound GW800172X belongs to a class of biphenyl amide kinase inhibitors, which were discovered by crystallography-based three-3 dimensional pharmacophore-modelling (Angell et al., 2008d) and are selective for the p38 kinase isoforms p38 β. Medicinal chemistry optimisation of initially weaker inhibitors led to GW800172X, with increased potency to inhibit p38 activation (Angell et al., 2008b,c) . Selectivity is unusually high for a kinase inhibitor, and a A KINOMEscan (cf. Semenas et al., 2014) of GW800172X against more than 200 kinases showed significant affinity only to p38β. Such unusually high selectivity is a rare observation with kinase ainhibitors andThe selectivity of biphenyl amides for p38 MAPK is believed to be has been attributed to the three aromatic rings associated withwhich give rise to limited "conformational freedom", resulting in the inability of the compounds to bind to kinases with similar binding pockets (Angell et al., 2008d) . We have shown that GW800172X has activity against both xL3s and L4s of H. contortus. The PKSI2 compound library (GSK) screened here contains nine other biphenyl amides, such as GW810437X and GW595885X which also possessed inhibitory properties on the motility of xL3s, but reducing larval motility only by 44 and 50%, respectively (Fig. 3) . While a focused analog set is required to better interpretestablish proper structure-activity relationships (SARs) and ultimately obtain more potent compounds, the weaker activity of compounds GW810437X and GW595885X (Fig. 3) , both very similar analogs to GW800172X, suggests an important role for both the aryl methyl group and the cyclopentylamide in inhibiting larval motility in H. contortus.
Compound GW461487A belongs to the pyrazolo [1,5-] pyridines, which were originally produced as potential p38 MAPK inhibitors following the discovery that 2-(4-fluorophenyl)-3-(4-pyridinyl)pyrazolo [1,5-] pyridine had anti TNF-properties in vitro and in vivo (Cheung et al., 2008) . A series of pyrazolo [1,5-] pyridines were synthesised to further improve the in vivo clearance rate (Cheung et al., 2008) . SAR studies have shown that compounds with electron rich-groups attached to the pyrazolopyridine ring, such as compound GW461487A with activity against H. contortus, can result in a higher metabolic turnover in liver microsomes (from mouse, rat, dog or human) (Cheung et al., 2008) . These authors also showed that in vivo pharmacokinetic profiles (such as bioavailability and half-life) of such compounds could be enhanced by reducing electron density at position 6 of the pyrazolopyridine ring and increasing steric hindrance at position 7 (Cheung et al., 2008) . Of the ten other pyrazolo [1,5-] pyridines in the present PKSI2 library tested by us (Fig. 4) , compounds GW468513X and GW475620X were the only other members of this class in our screen to have any anthelmintic activity, reducing xL3 motility by some 46% and 42%, respectively (see Fig. 4 ). As for GW800172X, a focused analog set around GW461487A is required to establish SARs for inhibition of parasitic stages of H. contortus, towards next generation compounds with activity at therapeutically adequate levels. However, based on the results obtained with the analogous compounds shown in Fig. 4 , we suggest that the 7-methyl is important and that the 4-pyridyl group is preferred over a 4-pyrimidyl group.
At this point, although we can only propose that the two compounds GW800172X and GW461487A target the p38 MAPK in H. contortus, we undertook a preliminary investigation to establish which p38 kinases are encoded in the genome of H. contortus. Three p38 MAPKs, called p38 MAP kinase-1 (Hc-PMK-1), Hc-PMK-2 and Hc-PMK-3, due to their similarity to C. elegans p38 MAPK, were identified (Fig. 5) . Like homologs of C. elegans (see Berman et al., 2001) , Hc-PMK-1 and Hc-PMK-2 are closely related in sequence to those of humans and contains the conserved p38 MAPK threonine-glycine-tyrosine (TGY) motif in the activation loop for the phosphorylation of proteins (see Fig. 5 ). Hc-PMK-3 is a unique MAPK in that it contains an amino acid substitution of glutamine for glycine at position 556 within the phosphorylation site compared with its human p38 MAPK homologs and similar to that of the p38 MAPK described in C. elegans, Ce-PMK-3 (Berman et al., 2001) . Localisation studies in C. elegans have shown that Ce-PMK-1, Ce-PMK-2 and Ce-PMK-3 are expressed throughout the intestine (Berman et al., 2001 ). In addition, mutagenesis studies demonstrated that the deletion of Ce-pmk-2 results in a larval arrested/death phenotype (Berman et al., 2001) , and the removal of Ce-pmk-1 increased susceptibility to bacterial pathogens (Troemel et al., 2006) . This information might suggest that the compounds GW800172X and GW461487A target a pathway involving Hc-PMK-1 and/or Hc-PMK-2 in H. contortus and is involved in the substantial inhibition of motility and larval development. Future work should focus on testing this proposal. Although the involvement of Hc-PMK-1 and/or Hc-PMK-2 is hypothetical at this stage, an investigation of the transcriptional profiles of the three p38 PMK isoforms in H. contortus throughout the lifecycle (using data from Schwarz et al. 2013) showed increased transcription of the genes encoding Hc-pmk-1 and Hc-pmk-2 in the parasitic stages (L4s and adults) of this nematode (see Fig. 5 ). Considering that p38 MAPK signalling in C. elegans is reported to be involved in innate intestinal defence (Troemel et al., 2006 ), a similar role for H. contortus p38 PMK might explain the increased transcription of the genes encoding these proteins as the latter nematode becomes parasitic and adapts to its host environment (Fig. 5) . Interestingly, the transcription of the Hc-pmk-3 gene throughout the free-living and parasitic phases of the lifecycle is very low compared with Hc-pmk-1 and Hc-pmk-2, although there are slight differences between the sexes of H. contortus, with increased transcription of Hc-pmk-3 in female L4 and adult compared with the male, suggesting a female specific role such as egg production (Fig. 5) .
In conclusion, we have established a practical and efficient imaging-based whole-organism assay to screen compounds for activity against parasitic stages of H. contortus in vitro. Although not presently in a fully automated, high throughput format, this assay is readily suited to the screening of hundreds of curated and well-defined compounds for subsequent hit-to-lead optimisation, and repurposing and development. It could also be readily applied to assess the nematocidal activity of natural compounds. Importantly, the application of assay identified the two kinase inhibitors GW800172X and GW461487A with anthelmintic properties and potential for lead optimisation. These compounds exemplify several attractive aspects of our approach. First, large numbers of analogs are likely to reside within corporate compound libraries, allowing for the facile establishment of SAR and likely discovery of more potent compounds which are selective for H. contortus and related nematodes compared with human kinases, without requiring any chemistry effort. Second, it is expected that substantial information, such as human pharmacological profile and pharmacokinetic properties, are available for such compounds; for example, both GW800172X and GW461487A have been shown to be amenable to pharmacokinetic optimization (Angell et al., 2008a-d; Cheung et al., 2008 ). Third, a major advantage of these chemicals 13 over some other presently available anthelmintics is that they should be able to be readily produced in large quantities. For instance, both compounds GW800172X and GW461487A, neither of which is chiral, can be prepared in four, straightforward steps and are well suited for the rapid generation of analogsfocused libraries (Angell et al., 2008a-d; Cheung et al., 2008 ). This appears to contrast the situation for monepantel (an aminoacetonitrile derivative), for example, whose synthesis requires a multi-step chemical reaction pathway involving the use of sodium cyanide, followed by the isolation of the active optical isomer. Given that the present inhibitors fit the criteria posed for drug-likeness Lipinski ('rule-of-five') (Lipinski, 2004) they should now beare worth-while starting points for applicable to hit-tolead optimisation, which could be tested againstwith initial validation in H. contortus and other parasitic nematodes. Subsequent validation will include, and then following toxicity testing, and assessedment in vivo in sheep or goats against H. contortus infection. Although the present study focused on the establishment, evaluation and use of oura new assay to screen for anti-parasitic activity in a nematode of animal health importance, this present motility-based method is highly adaptable to any parasite of socioeconomic importance, including neglected tropical disease pathogens. This aspect is of majorAs such, the availability of a rapidly deployable whole-organism screening assay presents a pivotal advancement importance, given the urgent need to achieve some of the goals of the London Declaration (http://unitingtocombatntds.org/resource/london-declaration; 2012) through the rapid and efficient repurposing of compounds within a framework of multiple public-private partnerships. 
________________
Supplementary Fig. 2 . Video files of exsheathed third-stage larvae (xL3s) and fourth-stage larvae L4 exposed to compounds. Table 1 . Relevant information about the hit compounds and positive control compounds (monepantel and moxidectin) shown to significantly inhibit motility (Mi) and development of exsheathed third-stage larvae (xL3s) to fourth-stage larvae (L4s), and a summary of the results of the screening. IC 50= half maximum inhibitory concentration. Scores are represented as the average percentage ± standard error of the mean (SEM). 
